Sexually transmitted diseases are a major health problem worldwide, but there is still a lack of knowledge about how to induce an optimal immune response in the genital tract of humans. In this study we vaccinated 21 To halt the spread of sexually transmitted diseases, attempts are made to induce locally secreted, pathogen-specific, neutralizing antibodies in the genital tract by vaccination. We and other groups have shown that it is possible to induce a specific antibody response in the human female genital tract by vaccination, by either the oral, the nasal, or the vaginal route (2, 15, 29) . Direct application of an antigen at the target mucosa has proven to be the most efficient route for induction of a local antibody response in the intestine and upper respiratory tract (8, 20, 21) . In line with this, vaginal administration has been shown to be superior to the oral route for the induction of specific immunoglobulin A (IgA) and IgG antibody responses in cervical secretions (15, 29) . However, we have also demonstrated that the nasal mucosa can serve as an efficient site for the induction of specific IgA and IgG responses in vaginal secretions in humans (2), but it is not known if specific antibody responses can be induced in cervical secretions by nasal vaccination. Furthermore, a comparison of the nasal and vaginal vaccination routes for the induction of antibodies in genital secretions has never been performed in humans. Recent animal studies indicate that there is a compartmentalization of the immune response within the genital tract, i.e., the recruitment of CD4 ϩ lymphocytes is differentially regulated in the upper and lower genital tract (14) . We have also found in mice that nasal and vaginal immunizations result in differential distributions of specific antibodies within the genital tract (11) . It is conceivable that this is the case also in humans.
Nasal vaccination is an interesting alternative for inducing specific antibody responses in the human female genital tract, both for convenience and because the outcome of vaginal vaccination might be dependent on the time point in the menstrual cycle for vaccine administration. It is known from experiments in rodents that hormone levels, e.g., progesterone, can influence the outcome of vaginal immunization (11) . In rodents the estrous cycle has a major influence on both the antigen uptake in the vagina and the ability of antigen-presenting cells to present antigens for the T cells in the vagina and uterus (18, 30) . Although there is strong variation in hormone levels during the menstrual cycle, it is not known whether this influences the outcome of vaginal vaccination in humans.
Relatively little is known about the presence of specific antibody-secreting cells (ASCs) in the genital tract. Results from studies in mice and monkeys have shown that vaginal but not oral vaccination induces cholera toxin B subunit (CTB)-specific ASCs in the female genital tract, and in mice specific ASCs in the genital tract have also been demonstrated after nasal vaccination (6, 11) . There are no reports regarding the presence of antigen-specific ASCs in the human genital tract, which is particularly interesting since the lymphocyte homing mechanisms to the genital tract are elusive.
The first aim of our study was to compare the induction of specific antibodies in cervical and vaginal secretions after vaginal and nasal vaccinations. Recombinant CTB was used as a model antigen, since it is one of the best-characterized mucosal antigens, both regarding safety and immunogenicity in humans (2, 7, 9) . The second aim was to evaluate the hormonal influence on the induction of local antibody responses after vaginal vaccination. Finally, we examined the presence of antigen-specific ASCs in the female genital tract after nasal and vaginal vaccination.
MATERIALS AND METHODS
Subjects. Twenty-one Swedish female volunteers at reproductive ages gave informed consent to participate in the study, which was approved by the Swedish Medical Products Agency and the local Human Research Ethical Committee of the Medical Faculty, Göteborg University, Göteborg, Sweden. All volunteers were scheduled for hysterectomy because of bleeding disorders, except for five women (vaginal corr ) who were healthy premenopausal volunteers (Table 1) . Exclusion criteria for participation included previous vaccination against cholera, endometrial cancer, and acute sexually transmitted disease. The volunteers were vaccinated either nasally or vaginally. The vaginally vaccinated women were divided into two groups. One group was vaccinated independently of the stage in the menstrual cycle (vaginal ind ), and the other group was vaccinated on days 10 and 24 in the cycle (vaginal corr ) ( Table 1) .
Vaccination. The nasal vaccine consisted of purified recombinant CTB (23) diluted in phosphate-buffered saline (PBS) to a concentration of 0.625 mg/ml and was produced by Active Biotech (Stockholm, Sweden). The vaccine was administered as a 100-l spray given twice in both nostrils by using an atomizer (Apoteksbolaget AB), i.e., a total volume of 400 l, containing 250 g of CTB, was given per dose. The vaginal vaccine consisted either of recombinantly produced CTB alone (vaginal ind ) or of a licensed oral cholera vaccine which, in addition to CTB, also contained inactivated cholera vibrios (Dukoral; Active Biotech) (vaginal corr ). Then, 2 ml of either form of vaginal vaccine, containing 0.5 mg of CTB per ml, was mixed with 340 g of a biologically inert polysaccharide (Eldexomer, batch 015; Perstorp Pharma, Perstorp, Sweden). The freshly made preparation was deposited in the upper fornix of the vagina, and the women did not move for 10 min after vaccination. Irrespective of the vaccination route, all volunteers were given two doses of vaccine with a 2-week interval.
Collection of specimens. Blood and vaginal and cervical secretions were collected immediately before the first vaccination and 10 days after the second vaccination. In addition, serum samples were collected 6 weeks after the last vaccination dose. Secretions were never collected during menstruation. The vaginal secretions were sampled by using a polywick tampon (10 by 30 mm; Polyfiltronics Group, Inc., Rockland, Mass.), which was inserted deeply into the vagina by the female volunteer herself. After 2 h, the tampon was taken out by the volunteer with the aid of a thread attached to the tampon and placed in 1 ml of PBS, resulting in a sample dilution of ca 1:10, and stored at Ϫ70°C. The tampons were thawed, and the fluid was squeezed out by centrifugation for 10 min at 3,500 ϫ g in a pierced Eppendorf tube placed on top of another tube. Thereafter the samples were treated with bromelain (Sigma Chemical Co., St. Louis, Mo.) to solubilize the mucus. Then, 25 g of bromelain per ml of sample was added, and the samples were incubated for 60 min at 37°C, followed by centrifugation for 10 min at 9,500 ϫ g. Cervical secretion samples were collected with a syringe (Aspiglaire; Biotechnologies International, Aigle, France). The volume was recorded, and the samples were diluted 1:10 in PBS and treated with bromelain as described above.
Cervical and uterine tissues were obtained from six volunteers undergoing hysterectomy 10 days after the second vaccination. The samples were taken randomly from the different vaccination groups. Three of the volunteers were vaccinated vaginally, and three were vaccinated nasally. In addition, we also collected samples from two nonvaccinated individuals.
Determination of total immunoglobulin and specific antibodies. The contents of total IgA and IgG in vaginal and cervical secretions were determined by enzyme-linked immunosorbent assay (ELISA) as described previously (2) . Briefly, the plates were coated with goat anti-human IgA, ␣-chain-specific IgG (Jackson ImmunoResearch Laboratories, West Grove, Pa.), and goat anti-human IgG F(ab) 2 (Jackson). Thereafter, the samples and standards (polyclonal human plasma IgA and IgG; Calbiochem Corp., La Jolla, Calif.) were added in duplicates and serially diluted. Bound total IgA and IgG antibodies were demonstrated by using horseradish peroxidase (HRP)-conjugated goat anti-human serum IgA (␣-chain specific; Jackson) and HRP-conjugated goat anti-human IgG (Fc␥ specific; Jackson), followed by treatment with o-phenylenediamine and H 2 O 2 as the enzyme substrate. The endpoint titers were determined as the reciprocal dilution giving an absorbance at 450 nm of 0.4 above background (Labsystems Multiscan PLUS) after 20 min of enzyme reaction.
CTB-specific antibodies in serum and secretions were determined by a modified GM1-ELISA method as previously described (2) . Briefly, plates were coated first with GM1 ganglioside (Sigma) and then with CTB. The samples and a positive serum reference (a serum pool from Swedish volunteers vaccinated orally with the whole-cell-CTB cholera vaccine) were added in duplicates and serially diluted. Bound CTB-specific IgA and IgG antibodies were demonstrated with HRP-conjugated rabbit anti-human serum IgA (␣-chain specific; Jackson) and HRP-conjugated goat anti-human IgG (Fc␥ specific; Jackson) and then developed as described above. Responders were defined as having a Ͼ2-fold increase in specific antibody titers between pre-and postvaccination specimens (10) .
Determination of total and specific immunoglobulin-secreting cells in the cervix and uterus. Cervical and vaginal tissues were obtained from eight volunteers undergoing hysterectomy. The mucosa was excised from the tissue, cut into small pieces, and treated with 10 mM dithiothreitol and thermolysin buffer (0.5 mg/ml; Boehringer-Mannheim, Mannheim, Germany). Thereafter, the tissue suspensions were filtered through a 150-m (pore-size) mesh, and the separated lamina propria cells were incubated in a prewarmed collagenase-DNase solution (1 mg of collagenase [Sigma] per ml plus 2 mg of DNase [Sigma] per ml in 10% fetal calf serum-Iscove medium) for 45 min at 37°C and refiltered first through a 150-m mesh and then through a 50-m mesh. The intraepithelial cells were incubated with DNase (2 mg/ml) for 30 min at 37°C and then filtered through a 50-m mesh. Both cell populations were then mixed and counted. Plasma cells were selected by separation with anti-CD38-coated magnetic beads according to the manufacturer's protocol (Dynal, Oslo, Norway). Total IgA and IgG, as well as CTB-specific spots, were analyzed by ELISPOT (21) .
Statistical methods. The specific antibody titers in vaginal and cervical secretions were adjusted for variations in total immunoglobulin content and are expressed as units per microgram of total IgA or IgG. Analyses of the significance of the differences between pre-and postvaccination titers were performed with a paired Student's t test. Before calculations, all values were log 10 transformed. A difference was considered significant at P Ͻ 0.05.
RESULTS
We determined local immune responses in the genital tract as well as the antibody responses in serum in volunteers who had been given two nasal or vaginal vaccinations with recombinant CTB. The vaginally vaccinated women obtained the vaccine either independently of the stage in the menstrual cycle (vaginal ind ) or on days 10 and 24 in the cycle (vaginal corr ).
Antibody responses in serum. Vaccination of the vaginal corr group resulted in a 14-fold anti-CTB IgA geometric mean increase and a 9.5-fold IgG geometric mean increase, with a significant response seen in all of the five vaccinated individuals (Fig. 1, Table 2 ). However, if the vaginal vaccinations were instead given independently of the stage in the cycle (vaginal ind ), only five of eight subjects responded in IgA and only three of eight subjects responded in IgG. Nasal vaccination resulted in an 8.7-fold increase in anti-CTB IgA with six of eight individuals responding, but there was only a 3.3-fold increase in IgG with half of the subjects responding (Fig. 1,  Table 2 ). A difference in the kinetics of the antibody response could also be observed between the nasal and vaginal vaccinations. The IgA and IgG titers after nasal vaccination were higher after 6 weeks compared to 10 days after vaccination, i.e., 11-fold increases in specific IgA and 7.5-fold increases in IgG at 6 weeks postvaccination. In contrast, the titers in serum after vaginal vaccination remained at the same level 6 weeks after vaccination as they had been at 2 weeks after vaccination (not . We have previously reported such a delayed response after nasal vaccination compared with oral vaccination (21) . Antibody responses in vaginal secretions. After vaccination of the vaginal corr group, a 4.9-fold increase in the specific IgA titer was induced in the whole group, and three of five subjects responded (Fig. 2, Table 3 ). In the vaginal ind group there was a 2.9-fold increase in specific IgA, with four of eight individuals responding. Nasal vaccination was superior to vaginal vaccination in inducing specific IgA responses in vaginal secretions. All individuals in the nasal group responded to the vaccination, with a significant 34.5-fold geometric mean IgA titer increase (Fig. 2, Table 3 ). In contrast to the IgA responses, no significant IgG increases were found in either of the vaccination groups (Table 3) .
Antibody responses in cervical secretions. Vaccination of the vaginal corr group resulted in a 58-fold increase in anti-CTB IgA levels with all five individuals responding (Fig. 3, Table 4 ). The IgG response increased 16-fold, with three of five subjects responding (Table 4) . To obtain high cervical antibody responses, it proved to be essential to correlate the administration of the vaccine to the phase in the menstrual cycle, since only weak responses in IgA and IgG were found after vaccination of the vaginal ind group. Nasal vaccination only induced moderate IgG antibody responses and no significant IgA (Fig.  3, Table 4 ). Thus, vaginal vaccination was superior to the nasal route in inducing antibody responses in cervical secretions, given that the vaccine was administered on days 10 and 24 in the cycle. 6 MNCs, although this difference was not statistically significant. In the cervix, CTBspecific IgA ASCs were detected in two of three individuals after nasal vaccination (150 and 400 ASCs per 10 6 MNCs, respectively) and in one of three individuals after vaginal vaccination (125 ASCs per 10 6 MNCs), whereas no specific IgG ASCs were found. Neither the nasal nor the vaginal vaccination route induced any CTB-specific ASCs in the uterine mucosa. None of the individuals in the nonvaccinated group had any CTB-specific ASCs.
DISCUSSION
Studies in animals as well as in humans have shown that both nasal and vaginal vaccination can be efficient in inducing specific antibodies in the genital tract (2, 11, 22, 24, 29) . This is, to our knowledge, the first study comparing the two vaccination routes in humans. We found that nasal vaccination elicited the strongest IgA antibody responses in vaginal secretions, while vaginal vaccination on days 10 and 24 of the cycle was superior in inducing a specific IgA or IgG antibody response in the cervix. Our results indicate that there is a compartmentaliza- tion within the genital tract and that the induction of specific antibodies in cervical secretions is differentially regulated from that in vaginal secretions. Also, in mice the antibody responses in the upper and lower female genital tract seem to be differentially regulated. However, in contrast to what we found in humans, vaginal vaccination in mice induced higher IgA levels in the vagina than in the upper genital tract, while nasal vaccination induced strong IgA responses in the vagina as well as in the uterus and fallopian tubes (11) . One explanation for the difference in antibody distribution found in humans might be that vaginal vaccination induces the homing of ASCs mainly to the cervix, while nasal vaccination is more efficient in stimulating the homing of such cells to the vaginal mucosa. The specific mechanisms guiding the lymphocytes to the genital mucosa are unknown. The mucosal addressin cell adhesion molecule 1 (MAdCAM-1) is thus far the only known mucosa-specific adhesion molecule that is expressed by the endothelium, and it is known to specifically recruit lymphocytes to the intestinal mucosa (25) . We have recently investigated the expression of adhesion molecules on the vaginal and cervical endothelium in hysterectomized women (12) . MAdCAM-1 was not, however, expressed in the genital mucosa, which indicates that other sets of adhesion molecules are important in the homing of lymphocytes to the female genital tract. In mice, studies have shown that MAdCAM-1 is not present in normal genital mucosa but could be expressed upon inflammation in the genital tract (13) . These results are controversial, however, since another study found no MAdCAM-1 expression in a similar mouse model of chlamydia infection (19) .
The subjects in the vaginal corr group were vaccinated with the licensed oral cholera vaccine that, in addition to CTB, consists of killed bacteria (whole-cell component), whereas the subjects in the vaginal ind group and the nasal group were vaccinated with CTB only. We do not think that the stronger antibody responses in the vaginal corr group are due to an adjuvant effect of the whole-cell component. On the contrary, previous studies using oral administration showed that vaccination with B subunit induced a sixfold increase in the intestinal IgA compared to only a twofold increase in individuals vaccinated with the B-subunit-whole-cell vaccine (26, 27 ). Another difference between the groups is that women in the vaginal ind group had bleeding disorders, while the women in the vaginal corr group were healthy. However, since the serum responses in the vaginal ind group did not differ from the responses found in one of our previous studies in which healthy women were vaccinated vaginally with the B-subunit-wholecell vaccine, we do not believe that bleeding disorders affect the outcome of vaccination (29) . For example, in the present study five of eight women in the group with bleeding disorders responded with specific IgA in serum compared to four of seven of the healthy women in the previous study.
Our results show that it is important to synchronize vaginal vaccinations to the menstrual cycle in order to obtain high and less-variable local antibody responses in genital secretions. Immunohistochemical studies in humans have shown that both the number of IgA-producing plasma cells and the level of immunoglobulins within the endometrial glands increase in the cervix during the late secretory phase, when the progesterone level is high (3, 16) . Recently, it has also been demonstrated in mice that vaginal immunization can in fact induce tolerance if administered during estrus (high levels of estrogen), while tolerance induction was not found when the antigen was administered during diestrus (low estrogen levels) (4). We were successful in obtaining a strong antibody response with vaccinations on days 10 and 24 in the menstrual cycle. These time points were selected based on practical reasons, i.e., avoiding menstruation at the time of administration, while allowing for a 2-week interval between the vaccinations. The estrogen level is relatively high at both time points, but the progesterone level, on the other hand, is low on day 10 and high on day 24 in the cycle.
Organized inductive structures in the mucosa have not been found in the genital tract as opposed to the gut and the respi- (17, 18) . Since vaginal vaccination of humans on days 10 and 24 of the cycle induced high systemic antibody responses, the alternative inductive pathway involving antigen uptake by dendritic cells present in the vaginal epithelium seems to be at least as efficient as the local uptake of antigen into organized lymphoid structures. Antigen-specific antibody-producing cells have thus far never been demonstrated in the human genital tract. In accordance with an earlier study by Crowley-Nowick et al. (5), we found that in both the cervical and the uterine mucosa the majority of plasma cells were producing IgG. We were also able to isolate CTB-specific IgA ASCs in the cervical mucosa after both nasal and vaginal vaccinations. Unfortunately, the number of lymphocytes isolated by enzymatic digestion of the various tissues was too low to allow for an accurate determination of the absolute number of ASCs induced after vaccination. Thus, it was not possible to compare the difference in the number of ASCs in the female genital tract after nasal and vaginal vaccinations.
In the present study we have shown that vaginal administration of antigen on days 10 and 24 in the menstrual cycle is optimal for obtaining specific antibody responses in the cervix, while nasal administration is superior in inducing strong antibody levels in the vagina. In earlier studies, vaginal vaccination has been shown to be superior to both oral and rectal vaccination in inducing strong antibody responses in cervical secretions (15, 29) . In contrast, oral and nasal vaccinations are equally efficient in inducing vaginal antibody responses (21) . The advantage of nasal over oral vaccination is that the dose of antigen could be reduced fourfold and still induce strong CTBspecific IgA and IgG antibody responses both in serum and in vaginal secretions (21) . A combination of efficient systemic and local immune responses is desirable in the protection against genital tract infections with chlamydia and human immunodeficiency virus (1, 28) . Furthermore, for protection against most sexually transmitted diseases, it would probably be beneficial to have a high antibody response both in the vaginal and in the cervical secretions to hinder both the initiation and the spread of the infection. We therefore suggest that a combination of nasal and vaginal vaccinations might be the optimal vaccination strategy for inducing a protective antibody response in the female genital tract. a For statistically significant increases, the P values are shown in boldface. GMT, geometric mean titer. b In this group, some samples were not analyzed because the sample volume was too small.
